The authors aimed to study the skin surface bioheat perfusion model described in part I numerically. The influence of each constituent in the determination of surface temperature profile was statistically examined. The theoretically derived data will then be benchmarked with clinically measured data to develop the artificial intelligence system for the diagnosis of erectile dysfunction (ED). The new approach is based on the hypothesis that there exists a constitutive relationship between surface temperature profiles and the etiology of ED. By considering the penis model as a group of reservoirs with irregular cavities, we built a numerical model, simplified to save computational costs while still realistically able to represent the actual for partial differential calculation. Incompressible blood flow was assumed coupled with the classical bioheat transfer equation which was solved using the finite element method. Isotropic homogeneous heat diffusivity was assigned to each tissue layer. The results of simulations were tested for sensitivity analysis and further optimized to obtain the 'best' signal from the simulations using the Taguchi method. Four important parameters were identified and analysis of variance was performed using the 2 n design (n ¼ number of parameters, in this case, 4). The implications of these parameters were hypothesized based on physiological observations. Our results show that for an optimum signal-to-noise (S/N) ratio, the noise factors (thermal conductivity of skin, A and tunica albuginea, B) must be set high and low, respectively. Hence, at this setting, the signal will be captured based on the perfusion rate of the boundary layer of the sinusoidal space and the blood pressure (perfusion of sinusoidal space, C and blood pressure, D) will be optimal as their S/N ratios (C (low) and D (low)) are larger than the former.
Introduction
Sexual dysfunctions are common among men of all ages (after andropause in particular), races and cultural background. It was estimated that more than 152 million men around the world experienced certain degrees of erectile dysfunction (ED) in 1995 and the number was expected to rise to 322 million by the year 2025. 1 The objective of this study was to investigate numerically an inexpensive and non-invasive diagnostic modeling tool as developed in part I to identify the risk of potential ED, given certain parameters.
For the past few decades, there have been significant advances in understanding both the physiology and pathophysiology of the male sexual function. Sex disorders of the male are classified into disorders of sexual function, sexual orientation and sexual behavior. The US National Institute of Health (NIH) Consensus Development Conference advocates that the more precise term 'ED' be used instead to signify an inability of men to achieve an erect penis as part of the overall multifaceted process of male sexual function. 2 The new terminology defines this disorder as the 'inability to achieve an erect penis as part of the overall multifaceted process of male sexual function.' However, it is inappropriate to classify all aspects of ED under this definition.
ED is best defined as the persistent failure to generate sufficient penile rigidity/solidity to achieve vaginal penetration and/or the ability to maintain this degree of penile rigidity until ejaculation. 3 Through the years, researchers have begun to take interest in the issue. Studies such as the Massachusetts Male Aging Study related ED to the decrease of testosterone production in men of ages between 40 and 70 years of age. 4 These researches have noted that vascular insufficiency is probably the most common cause of organic male sexual dysfunction for older men; whereas psychopathological influences are speculated to be the most likely cause of intermittent erectile failure in the younger patients. 5 An example is the atherosclerosis of the large pelvic arteries (common iliac, hypogastric or pudendal), which can lead to inadequate perfusion of the penis and cause inability to achieve erection. Studies have also shown that males reach their peak in sexual capacity in their late teens. 6 With advancement of age, a gradual decrease in sexual responsiveness occurs, characterized by a prolongation of the time required to achieve full erection and decrease in the effectiveness of psychic and tactile stimuli.
Since the formation of the European Thermographic Association in 1972 with its first major conference in medical thermology held in Amsterdam in 1974, researchers have begun to take interest in the thermal relationship in medicine and pharmacology. 6 In the past three decades, the application of this modality has reached out to different sectors in the medical field. Professionals have begun to standardize the method to analyse the images as well as utilize reference images and data as a diagnostic aid. To help in the evaluation of the penile hemodynamics, several diagnostic methods such as the Doppler ultrasound and arteriography have been used. However, it is important to note that any changes in the anatomy size (example: cavernous artery) may have an impact on the imaging results. As such, thermography serves as another possible modality for imaging. 7 Thermography is derived from the technique called 'Schlieren Photography,' which captured the radiation of heat emitted by the human body. 8 Thermal imaging provides a means to measure the temperature distribution in the specific areas of interest. The heat exchange of the penile is recently studied using this methodology. Merla et al. 9 have made use of infrared (IR) functional imaging to detect impaired thermoregulatory control in men with asymptomatic varicocele. The same group has also assessed the effects of variocelectomy on the thermoregulatory control of the scrotum. 10 They utilized telethermography (IR functional imaging) to work on ED-related issues. Telethermography was employed to determine whether altered scrotal thermoregulation is related to subclinical variocele. The methodology was also applied as a follow-up for changes in the scrotum thermoregulation after varicocelectomy, serving as an early indication of a possible relapse of the disease. Kukkonen et al. 11 have demonstrated thermal imaging as a promising tool for the physiological assessment of sexual arousal. They have made use of thermal imaging technology as a physiological measure of sexual arousal in both men and women.
These findings suggested that the IR functional imaging is a fast and non-invasive tool to screen for asymptomatic varicocele, which is one of the causes for ED. However, it is also important to note the existing shortcomings of this technology. The cost of the instrument and a standardized method to examine the data are areas to work on to improve the economical and the scientific aspect of the technology. 7 Theoretical foundations of the penile IR thermography study The current thermal imaging technology has the capability to address the above methodological problems. The use of thermography has provided three main advantages:
(i) It can be used for both genders although the IR scanning was done only for males in this study (ii) It does not require genital contact (iii) It provides an absolute temperature measurement
The equations governing the physical phenomena of ED and their respective material properties have already been shown in part I of our study. They were taken with reference from Ying et al. 12 and Ng and Ooi 13 for the general soft tissues properties. Due to the limited literature available, the properties of the different tissues in the penis model assumed values of tissues and tendons in different parts of the human body with similar types of tissues. We tested the model using the sensitivity analysis. The choice of parameters was justified and results were benchmarked with past experimental studies on human and animal penises. The model will be simulated for various conditions to see their effects on the surface temperature. The Pennes bioheat equation was applied to model the effect of thermal transport in the tissues of the penis. The NavierStokes equation was used to describe the assumed laminar flow of blood in the sinusoidal space. The system of equations was then 'passed' to the finite 
Results of parametric studies
The study was conducted by building a numerical two-dimensional biothermo-fluid finite element method model to investigate the temperature distribution of the penis during full erection. The simplified model comprises of the following: corpora cavernosa, sinusoidal spaces, tunica albuginea and cavernous artery. Four important parameters, namely the thermal conductivity of the skin, thermal conductivity of the tunica albuginea, perfusion rate of the boundary layer of the sinusoidal space and the body blood pressure, were identified and ANOVA with 5% level of significance was performed using 2 n design (n ¼ number of parameters, 4). The level of significance of each parameter was analyzed and discussed. The body blood pressure was found to be the most significant parameter followed by the perfusion rate of the boundary layer of the sinusoidal space, thermal conductivity of the tunica albuginea and lastly the thermal conductivity of the skin. In addition, the Taguchi method 95% confidence level, which is commonly used in quality control, was applied to optimize the signal-to-noise (S/N) ratio to ensure that the model responses due to factors of interest are best captured.
Sensitivity analysis
The sensitivity test was conducted on the simulation model to study the influence of the various parameters in various regions of interest for I II III and IV on the model. The coordinates for these points are (0.006, 0.009), (0.007, 0.008), (0.008, 0.007) and (0.01, 0.005), respectively, as shown in Figure 1 . The parameters studied are thermal conductivity of the skin, thermal conductivity of the tunica albuginea, perfusion rate of the sinusoidal space and the blood pressure. Each of the parameters has four values with the lowest value declared as the low and the highest value as a high. The other two values were taken with equal interval within the low and high values. The analysis was done by setting the factor of interest to different values ranging from low to high while keeping the other three factors at low states. The average temperatures were taken for the sampling point, and four adjacent points surrounding the sampling point. This local average temperature at different locations was then tabulated for analysis. ). These values were taken with reference from Ng and Ooi. 13 The temperature at each region was sampled by taking the area average temperature readings. Aging is often associated with a decreased homeostatic ability, including a reportedly decreased ability to regulate the body temperature in the heat.
14 Hence, as age increases, the thermal conductivity of the skin will deteriorate leading to poorer heat diffusivity to the surroundings. This is aligned with the computations of the model. Furthermore, it can be observed that the thermal variation is more significant between locations I (skin) and II (tunica albugenia), which is probably due to the difference in their thermal conductivities.
Effects of changes in thermal conductivity for the tunica albuginea (factor B). The thermal conductivity of the tunica albuginea assumes the same four values as of the skin thermal conductivity. Age is also a factor that affects the values of the simulation in locations I and II. In addition, it can be observed that the effect of the thermal conductivity of the tunica albuginea is more significant than the skin. The temperature response shown in Table 1 was higher than that in Table 2 . This was further justified in the later ANOVA analysis.
Effects due to changes in perfusion rate of the sinusoidal space (factor C). In studying the effects of the perfusion rate of the sinusoidal space, values of 0.35, 1.00, 2.00 and 2.85 s À1 15 were analyzed at the locations I-IV as specified above. There was a general increase in the temperature at these locations when the perfusion rate of the sinusoidal space was increased. The higher temperature response in the skin location in Table 3 compared to the variation in the other parameters (factors A and B) explains well that perfusion rate is a major parameter to be considered in the future analysis. The later ANOVA analysis further confirms that the perfusion parameter is one of the most significant parameter.
Effects due to changes in blood pressure (factor D). The penile blood pressure increases rapidly to about 90 mm Hg as the penis becomes erect. 5 Therefore, the effects of blood pressure was studied by varying the parameter from 80 (10 670) to 100 mm Hg (13 332 Pa).
It can be observed that pressure has the most significant effect across all the four locations upon variation. Hypertension is an universally identified risk factor for ED. [16] [17] [18] [19] The simulation results aligned with the theoretical knowledge that an increase in blood pressure will lead to an increase in blood velocity, which will result in an increase in temperature.
From Kandeel et al., 6 pulse Doppler analysis with intracavernous vasoactive drug injections have established that a peak cavernosal artery systolic flow greater than 25 ml s À1 is required as equivalent blood pressure for erection to occur. Dynamic infusion cavernosometry and cavernosography studies have also shown that a fluid flow rate between 5 and 40 ml min À1 is required to maintain a normal penis in erect state. 20, 21 In the course of this study, parameters such as the thermal conductivity of the skin (A), thermal conductivity of the tunica albuginea (B), perfusion of the sinusoidal space (C) and the blood pressure (D) were taken as analysis factors, which will affect the response of the model. However, it is important to examine the corresponding level of importance of each of the parameters. To find out the significance of the parameters, it was decided to use a 2 n factorial design where each factor is assigned to two levels of low and high with a total of 16 runs.
Both the thermal conductivity of the skin and the tunica albuginea terms were fixed at 0.21 for low and 0.54 for high. These values were also taken from Ng and Ooi. 13 Assuming the sinusoidal space as a highly perfused tissue, the perfusion term takes a value of 0.35 and 2.85 ml s À1 for low and high values, respectively. These values were taken with reference to Newman. 15 From Kandeel et al., 6 it was known that the penile body pressure increase rapidly to about 90 mm Hg as the penis erects. It was decided to set the blood pressure values at 80 and 100 mm Hg for low and high. Table 4 summarizes the values used in this study.
The runs conducted were as (1), a, b, c, d, ab, ac, ad, bc, bd, cd, abc, abd, acd, bcd and abcd. Run (1) corresponds to simulation conducted with all parameters set as low. Subsequently, the presence of a lower case letter in the run signifies that the simulation was conducted by fixing the value corresponding to that factor (denoted in upper case) at the high level and the rest at low levels. Such combinations of high and low levels would yield a total of 16 runs for 4 factors.
The ANOVA results were tabulated and summarized in Table 5 . The mean readings of the temperature were then taken for the analysis. The following definitions were used to compute the F 0 value for each combination of parameters. 
Taguchi signal-to-noise analysis In the Taguchi method, quality is measured by the deviation of a characteristic from its target value. 22 Quality control is monitored through the S/N ratio. Noises were uncontrollable factors, which can cause deviation of the required value. Since these noises were often unavoidable, Taguchi method seeks to minimize the effect of the noise by the use of control factors. The control factors were identified through examining the amount of reduced variation in the response. It is our aim to realize the effect of blood perfusion of the sinusoidal space and blood pressure (C and D) as critical factors for the new diagnostic index for the ED. Other parameters such as thermal conductivity of the skin and the tunica albuginea (A and B) are regarded as noise in the analysis. All these assumptions served as the bases to build in robustness for the experimental set-up.
The S/N ratio is a transformation of the repetition of data to another value. It consolidates several repetitions (at least two data points are required) into a value that reflects the amount of variation present. The analysis is carried out to find the best setting of the controllable factor (C and D) to yield the optimum result irrespective of the variation in magnitude of the uncontrollable factor (A and B). Table 6 summarizes the temperature predicted with respect to the interaction of the factors A, B, C and D.
The nominal best S/N ratio is described as:
Effect of average Variability around the average ð5Þ
Calculations for a nominal best S/N ratio Given n pieces of data:
The results in the Taguchi Table 6 were compiled using the formula outlined in Table 7 . Table 8 
Results and discussion
The temperature, pressure and velocity profiles of the penis model are plotted in Figures 3-4 for discussion. These simulated results were taken with the four parameters set at low state. The colour plots enable a better visualization for interpretation of the predicted results.
Temperature profile
In Figure 2 , it can be seen that the isotherm contours of the model ranges from 307.791 K to 310.625 K. Due to the difference in the geometry of the sinusoidal spaces, it is observed that the isotherm contours vary in different regions. Some of the temperature values are stated in Figure 3 for better interpretation.
Pressure profile
The isobar contours are concentrated at the subtunical venular plexus and the helicine arteries as shown in Figure 3 . The computed maximum pressure is around 11 190 Pa. A possible reason for the great separation of the contour pressure lines may be due to the weak coupling of the model methodology. The simplified nature and assumptions made of the penis Table 8 Summary of the effect and S/N ratio for various factors A, B, C and D (effect in K)
Factors
Low High
Penile thermal-hemodynamic parametric evaluation 
Velocity vector profile
The contours of the velocity field are shown in Figure 4 . The size of the arrows in the model signifies the magnitude of the velocity profile in different regions of the helicine arteries and sinusoidal spaces. In Chung et al., 23 the average blood velocity ranges from 0.49 to 0.65 m s À1 . This aligns with the maximum value of the blood velocity in Figure 4 . The velocity contours are more concentrated in the exit of the cavernous artery and the exit of the sinusoidal space.
From the F-table at 5% level of significance, we tabulated that F (0.05; 1, 5) ¼ 6.610. Comparing this value with the tabulated results in Table 5 , it can be noted that both the From Table 8 , the best effect is produced when the thermal conductivity of the skin and the tunica albuginea (factors A and B) are set at high. For an optimum S/N ratio, the noise factors A and B must be set at high and low, respectively. However, at this setting, the signal will be less affected by the perfusion rate of the sinusoidal space and the blood pressure (factors C and D) as the S/N ratio was much smaller than the factor A and B.
Conclusion
A two-dimensional thermo-fluid model of blood circulation in the penis is developed to study the thermal-fluid interactions of the ED problem. This model built on the anatomy proposed by Kandeel and co-workers, COMSOL is used as the simulation tool for this work. Weak coupling is formulated by using the predicted output temperature and blood density from the Pennes bioheat equation as a feedback to solve the new blood velocity from the Navier-Stokes equation. The cycle is repeated till steady-state solution is reached. The convergence test is used to justify that the number of mesh elements used would not have a significant influence in the results for further analysis. The sensitivity test was used to check the influence of the parameters on different locations of the model.
In the ANOVA, it is found that the perfusion of the sinusoidal space and the blood pressure of Penile thermal-hemodynamic parametric evaluation EYK Ng et al individuals are significant factors, which can affect the temperature profiles. Four factors, namely the thermal conductivity of the skin, thermal conductivity of the tunica albuginea, perfusion rate of the sinusoidal space and the body blood pressure, were chosen for the analysis.
The Taguchi analysis minimized the deviation of the required value due to noises through the use of control factors. From the results, it can be seen that the best S/N ratio is produced when the thermal conductivity of the skin is set at high and the thermal conductivity of the tunica albuginea is set at low (factor A high and factor B low). However, this setting will not produce an optimized result as the S/N ratios of the factors C and D are lower than that of factors A and B.
